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Vitamin A injection at birth improves muscle growth in lambs
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a b s t r a c t

Vitamin A and its metabolite, retinoic acid (RA) play important roles in regulating skeletal muscle
development. This study was conducted to investigate the effects of early intramuscular vitamin A in-
jection on the muscle growth of lambs. A total of 16 newborn lambs were given weekly intramuscular
injections of corn oil (control group, n ¼ 8) or 7,500 IU vitamin A palmitate (vitamin A group, n ¼ 8) from
birth to 3 wk of age (4 shots in total). At 3 wk of age and weaning, biceps femoris muscle samples were
taken to analyze the effects of vitamin A on the myogenic capacity of skeletal muscle cells. All lambs were
slaughtered at 8 months of age. The results suggest that vitamin A treatment accelerated the growth rate
of lambs and increased the loin eye area (P < 0.05). Consistently, vitamin A increased the diameter of
myofibers in longissimus thoracis muscle (P < 0.01) and increased the final body weight of lambs
(P < 0.05). Vitamin A injection did not change the protein kinase B/mammalian target of rapamycin and
myostatin signaling (P > 0.05). Moreover, vitamin A upregulated the expression of PAX7 (P < 0.05) and
the myogenic marker genes including MYOD and MYOG (P < 0.01). The skeletal muscle-derived mono-
nuclear cells from vitamin A-treated lambs showed higher expression of myogenic genes (P < 0.05) and
formed more myotubes (P < 0.01) when myogenic differentiation was induced in vitro. In addition,
in vitro analysis showed that RA promoted myogenic differentiation of the skeletal muscle-derived
mononuclear cells in the first 3 d (P < 0.05) but not at the later stage (P > 0.05) as evidenced by
myogenic gene expression and fusion index. Taken together, neonatal intramuscular vitamin A injection
promotes lamb muscle growth by promoting the myogenic potential of satellite cells.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Lamb meat production is increasing all over the world to meet
the demands of increasing meat consumption (Ponnampalam et al.,
2016). Muscle growth is achieved by the formation of muscle fibers
in the embryo (Yan et al., 2013) and postnatal muscle fiber

hypertrophy (Ontell et al., 1984). It is widely accepted that the
majority of muscle fibers are formed before birth and the postnatal
growth of muscle is through protein synthesis accompanied by the
fusion of satellite cells into existing muscle fibers (Ontell et al.,
1984; White et al., 2010; Yan et al., 2013; Zhu et al., 2004). Nutri-
tional status at the neonatal stage greatly affects satellite cell pro-
liferation which has long-term effects on muscle growth (MacGhee
et al., 2017).

Vitamin A (also known as retinol) is an essential nutrient for
animals. As the most active metabolite of vitamin A, retinoic acid
(RA) is involved in the embryonic development of many tissues and
organs, for instance, adipogenesis (Schwarz et al., 1997), myo-
genesis (Ryan et al., 2012) and neurogenesis (Yu et al., 2012). At the
embryonic stage, RA promotes the development of the limb bud by
recruiting muscle progenitor cells into the limb (S. Reijntjes et al.,
2010). The classical way that RA regulates gene transcription is by
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acting as a ligand for RA receptors (RARs). RARs form a heterodimer
with retinoid X receptors (RXR), and RA ligation of RAR changes the
transcription factors that bind to the RAR-RXR heterodimer, which
in turn changes the transcription pattern of the target genes
(Chawla et al., 2001; Rochette-Egly and Germain, 2009). Retinoic
acidpromotes myogenic differentiation of mouse myoblast
C2C12 cells by activation of RAR and RXR signaling (Zhu et al.,
2009). Many signaling pathways have been identified to be
involved in RA promotion of myogenic differentiation. For instance,
RA activates myogenesis through FGF8 signaling (Hamade et al.,
2006), and also by antagonizing transforming growth factor-beta
signaling via C/EBPb (Lamarche et al., 2015). In domestic animals,
supplementation of vitamin A to finishing cattle increases the
growth rate but reduces the marbling index (Wang et al., 2007).
Intramuscular injection of vitamin A at the neonatal stage enhances
postnatal muscle growth by promoting myogenesis and increasing
satellite cell density (Harris et al., 2018; Wang et al., 2018). In
addition to the promotion of myogenic differentiation, RA is also
proven to induce the formation of oxidative muscle fibers by
upregulating the expression of PPARGC1A (Wang et al., 2018) and
PPARd (Kim et al., 2018) in bovine satellite cells.

Considering the strong promoting effects that neonatal vitamin
A administration showed on muscle growth in cattle (Harris et al.,
2018; Wang et al., 2018), it could be a simple but effective nutri-
tional strategy to improve animal growth. Thus, in the current
study, we explored the effects of intramuscular vitamin A injection
at the neonatal stage on the muscle growth of lambs.

2. Materials and methods

2.1. Animal ethics statement

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Shanxi Agricultural University
(sxnd202028).

2.2. Animal treatments and diets

A total of 80 purebred Hu sheep in similar physical conditions
were randomly selected. All ewes had been pregnant twice previ-
ously (third pregnancy for the current experiment). All ewes were
synchronized and inseminated with semen from one Dorper ram.
Three pregnant ewes per stall were provided with free access to
feed and water. The diet was formulated to meet National Research
Council (2007) nutrient requirements for ewes. The number of fe-
tuses was determined at 35 d of gestation using an ultrasound
monitor. Only ewes with 2 fetuses were used for further experi-
ments. At birth, one lamb from each pair of male twins was
selected. A total of 16 lambs (weighing 3.5 ± 0.5 kg) were randomly
assigned to 2 groups.

On the 2nd day of birth, lambs were injected with 7,500 IU
vitamin A palmitate (product no. PHR1235, Sigma, Milwaukee, US)
with corn oil as solvent (product no. C8267, Sigma, Milwaukee, US)
or an equivalent volume of corn oil (control group) into the biceps
femoris muscle. The lambs were injected once a week at a fixed
time point for 3 wk and managed in pairs with ewes. The tem-
perature of the sheep house was kept at about 10 �C and was well
ventilated. On the 10th day of birth, the lambs were vaccinated
against combined ovine/caprine braxy, struck, lamb dysentery and
enterotoxaemia (Harbin Pharmaceutical Group Bio-vaccine Co., Ltd,
Harbin, China), and then vaccinated against sheep pox (Harbin
Pharmaceutical Group Bio-vaccine Co., Ltd, Harbin, China), Peste
des petits ruminants (Tecon Biological Co., Ltd, Xinjiang, China) and
foot-and-mouth disease (Inner Mongolia Bigvet Biotech Co., Ltd,
Inner Mongolia, China) on d 28, 47 and 49, respectively. All lambs

were weaned at the age of 12 wk and then transferred to finishing
houses for further feeding. After weaning, lambs were fed ad libi-
tum with a backgrounding diet for 55 d then transitioned to the
finishing diet and had free access to clean water and a salt block. In
addition, grass hay (peanut seedlings) for lamb growth was added
during the finishing period. From weaning to harvest, the concen-
trate feed of the finishing diet increased from 0.3 to 1.75 kg
(nutrient composition of the concentrate feed as shown in Table 1)
and the grass hay increased from 0.25 to 0.5 kg per lamb per day
(nutrient composition of the grass hay as shown in Table 2). The
concentrate feed is a commercial diet (Shanxi Guannong Science
and Technology Co., Ltd, China). For grass hay, the content of DM
was determined by AOAC method (AOAC, 2000), and the contents
of NDF and ADF were determined by Van Soest method (Van Soest
et al., 1991). Crude protein and crude fat content were measured by
the Kjeldahl and Soxhlet extraction methods, respectively (Li et al.,
2022). The total ash content was determined by charring the
samples in a crucible at a constant temperature of 600 �C for
40 min. All animals were weighed every week before weaning and
once a month after weaning to record the growth rate of lambs in
different groups. The feed intake and refusal of lambs were recor-
ded every day and all lambs were slaughtered and sampled at the
age of 8 months.

2.3. Collection and analysis of muscle biopsy

Lambs were surgically sampled in the 3rd and 12th wk. A small
area of the biceps femoris of lambs in the right hind leg was
scrubbed with iodophor. Besides, normal saline, 75% alcohol,
epinephrine and surgical instruments were prepared for the sub-
sequent sampling. Lambs were injected with 2% lidocaine and
completely anesthetized, an incision of about 3 cm cut with a
scalpel then about 2 g of skeletal muscle tissue was collected. The
skin was then stitched up and the wound cleaned. Biopsy samples
were divided into 4 parts: (1) the sample was placed in para-
formaldehyde and embedded in paraffin to analyze the structure of
muscle fiber; (2) the sample was ground with liquid nitrogen for

Table 1
Ingredients and nutrient levels of the concentrate feed at backgrounding and fin-
ishing stages of lambs (%, DM basis).

Ingredients Backgrounding Finishing

Corn 60 75
Wheat bran 11 0
Soybean meal 15 8
Soya bean cake 8 10
Premix (4%)1 5 5
Baking soda 1 2
Total 100 100
Nutrient level
DM 87.4 87.3
CP 16.72 13.64
RUP 40.3 44.1
NEg, Mcal/kg 1.3 1.32
TDN 78.4 79
NDF 16.6 13.9
ADF 6.1 5.1
EE 3.8 3.9
Ca 1.14 1.12
P 0.49 0.43
Ca:P 2.32 2.6

DM¼ dry matter; CP¼ crude protein; RUP¼ rumen undegraded protein; NEg¼ net
energy of growth; TDN ¼ total digestible nutrients; NDF ¼ neutral detergent fiber;
ADF ¼ acid detergent fiber; EE ¼ ether extract.

1 Premix (4%) contains vitamin A, vitamin D3, vitamin E, FeSO4, Cu2(OH)3Cl,
ZnSO4, MnSO4, Ca(IO₃)₂, Na₂SeO₃, CoCl₂, Na2SO4, NH4Cl, flavoring agent includes
neotame and saccharin sodium (Purchased from Beijing Yinghuier Biotechnology
Co., Ltd).
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RNA extraction (q-RT-PCR) and Western blotting; (3) the sample
was put into cold phosphate buffer saline (PBS) for satellite cell
separation; (4) the sample was processed for cryosection. The
skeletal muscle samples of the slaughtered lambs were treated
with the above methods.

2.4. Hematoxylin-Eosin (H&E) staining and diameter measurement
of myofibers

The trimmed skeletal muscle samples were fixed in para-
formaldehyde, then successively dehydrated in ethanol and xylene,
and finally embedded in paraffin. The embedded samples were cut
to 5 mm thickness using a microtome (Leica, German), and sections
were dewaxed and rehydrated by xylene and gradient ethanol.
After that, H&E staining was used for histological examination.
Finally, the myofiber diameter was measured using Image J soft-
ware (Bethesda, MD, US) after images were taken by a microscope
(DMi8, Leica, Germany). All samples were cut every 50 mm, at least
200 muscle fibers were counted in each visual field, and at least 3
repeats in each sample.

2.5. Immunohistochemical staining

Muscle tissues were frozen in liquid nitrogen, embedded in
optimal cutting temperature and cut into 8 mm sections by a frozen
cryo-microtome (Leica CM1950, Germany). Tissue sections were
blocked with 2% goat serum in tris buffered saline containing 10%
Triton X-100 and 1% bovine serum albumin (BSA) for 1 h, incubated
with anti-PAX7 antibody (RRID: AB_528,428, DSHB, Iowa City, US)
overnight at 4 �C and the corresponding fluorescent secondary
antibody for 1 h at room temperature. Then, sections were moun-
ted with 4’,6-diamidino-2-phenylindole (DAPI) (Vector Lab, Bur-
lingame, CA), and imageswere visualized under a DMi8microscope
(Leica, Germany).

2.6. Sheep primary myoblast isolation

Biopsied muscle tissues were washed sequentially through pre-
cooled 75% alcohol and PBS 3 times, the surrounding non-muscle
tissue was removed, then the samples were cut into small pieces
and 1 mg/mL type I collagenase added, and finally digested for
45 min in a 37 �C shaker at 100 rpm. The digested muscle mixture
was centrifuged at 500� g for 5 min, and then the supernatant was
discarded. The sediment was resuspended and passed through 100
and 40 mm cell strainers in sequence. The filtrates were centrifuged
(500 � g, 5 min) and cell pellets were resuspended with Dulbecco's
modified eagle medium (DMEM), which contained 20% fetal bovine
serum, 0.1% penicillin, and 0.1% streptomycin. Finally, the cells were
seeded onto a cell culture dish precoated with 10% matrigel.

2.7. Culturing, differentiation, and immunocytochemical staining of
sheep primary myoblasts

Primary cells were purified and cultured for 2 d to reach 100%
confluence, then replaced with a differentiation medium contain-
ing 2% horse serum to induce myotube formation. After 3 and 6 d of
differentiation, cells were fixed in cold 4% paraformaldehyde for
10 min, permeabilized with 0.25% Triton X-100 and blocked with
1% BSA. The cells were incubated with anti-myosin heavy chain
(MHC) (RRID: AB2147781, DSHB, Iowa City, US) antibody at 4 �C
overnight, followed by incubation with corresponding fluorescent
secondary antibody (anti-mouse, no. 4408, Cell Signaling, Danvers,
MA, US) for 1 h at room temperature. Finally, cells were mounted
with DAPI (Vector Lab, Burlingame, CA), and images were visual-
ized under a DMi8 microscope (Leica, Germany).

2.8. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from skeletal muscle samples or
cultured cells using Trizol reagent (Sigma, Saint Louis, MO) and
cDNA was synthesized by a reverse transcription kit (TAKARA Co.,
Ltd, Dalian, China). Q-RT-PCR was carried out using a CFX RT-PCR
detection system (Bio-Rad, Hercules, CA) and SYBR Green RT-PCR
kit (TAKARA Co., Ltd). The cycle parameters were as follows:
95 �C for 10 min; 45 two-step cycles of 95 �C for 15 s and 60 �C for
30 s. There were at least 3 repeats in each group. All primer se-
quences are listed in Table 3. The relative content of mRNA was
standardized to the internal reference b-actin, and the relative
changes in gene expression by the 2-△△Ct method.

2.9. Western blotting

Protein in skeletal muscle was extracted with the RIPA lysis
buffer (1% NaF (product no. 201154, Sigma, Milwaukee, US), 1%
Na3VO4 (product no. 450243, Sigma, Milwaukee, US), 1% phenyl-
methylsulfonyl fluoride (PMSF, no. P0100, Solarbio, Beijing, China),
2% b-mercaptoethanol (product no. M6250, Sigma, Milwaukee, US),
0.1% protease inhibitor (no. A8260, Solarbio, Beijing, China),
1� loading buffer at 10mL constant volume). The extracted protein
was separated with sodium dodecyl sulfateepolyacrylamide gel
electrophoresis (SDS-PAGE; room temperature, 80 V for 0.5 h, 120 V
for 1.5 h), and then transferred to a nitrocellulose membrane (4 �C,
100 V for 2 h). The nitrocellulosemembranewas blocked in 5% skim
milk powder (Sangon Biotech Co., Ltd, Shanghai, China) for 1 h, and
then incubated with the primary antibody (4 �C, overnight) and the
corresponding secondary antibody (room temperature, 1 h).
Western blotting analysis was carried out with an Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE, US), and the band
density was normalized to b-tubulin content.

Table 2
Composition of the grass hay (%, DM basis).

Nutrient Amount

DM 87.74
CP 12.32
EE 2.30
Ash 11.26
NDF 63.47
ADF 40.01

DM¼ dry matter; CP ¼ crude protein; EE ¼ ether
extract; NDF ¼ neutral detergent fiber;
ADF ¼ acid detergent fiber.

Table 3
Primer sequences for Real-time PCR.

Genes Sequence (5’/30) Product size, bp

PAX7 F: CGGGCATGTTTAGCTGGGAGA
R: TCTGAGCACTCGGCTAATCGAAC

107

MYF5 F: CCCACCAGCCCCACCTCAAGT
R: GTAGACGCTGTCAAAACTGCTGCT

93

MYOD F: GAACTGCTACGACCGCACTTACT
R: GAGATGCGCTCCACGATGCT

111

MYOG F: CTCAACCAGGAGGAGCGCGAC
R: TTGGGGCCAAACTCCAGTGCG

131

b-actin F: CGGCTTTCGGTTGAGCTGAC
R: GCCGTACCCACCAGAGTGAA

159

PAX7 ¼ paired box gene 7; MYF5 ¼ myogenic factor 5; MYOD ¼ myogenic differ-
entiation 1; MYOG ¼ myogenin.
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Antibodies against protein kinase B (AKT, no. 92728), phospho-
AKT (Ser473, no. 4060S), mammalian target of rapamycin (mTOR,
no. 2972), phospho-mTOR (Ser2448, no. 2971), 4EBP1 (no. 9644),
phospho-4EBP1 (Thr37/46, no. 2855), p70 S6 Kinase (no. 2708) and
phospho-p70 S6 Kinase (Thr389, no. 9206), Smad2/3 (no. 3102 s) and
phosphor-Smad3 (no. 9520 s) were purchased from Cell Signaling
(Danvers, MA, US). Myostatin (MSTN) (sc-134,345) and MYOD (sc-
760) were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, US). Myosin heavy chain 2 (bs-10903R), MYOG (bs-3550R),
and b-tubulin (bsm-33034M) were purchased from Biosynthesis
Biotechnology Co., Ltd. (Beijing, China). Goat anti-rabbit secondary
antibody (926e32,211) and anti-mouse secondary antibody
(926e68,070) were from LI-COR Biosciences (Lincoln, NE, US).

2.10. Statistical analysis

The data obtained in this experiment were processed using
GraphPad Prism 9 software (Monrovia, CA, US). All data were
analyzed using unpaired Student's t-test. Significance was accepted

at P < 0.05. All data are expressed as means ± standard errors of the
mean (SEM).

3. Results

3.1. Effects of vitamin A injection on growth performance in lambs

Intramuscular vitamin A injection at the neonatal stage signifi-
cantly increased the growth rate of lambs (Fig. 1A, P < 0.01) and

Fig. 1. Vitamin A injection promoted muscle growth of lambs. (A) Growth rate. (B) Representative image of loin eye muscle at harvest. (C) Average loin eye area at harvest. (D) H&E
stained longissimus thoracis (LT) muscle in 3-wk-old lambs. (E) Distribution of fiber diameter of LT muscle in 3-wk-old lambs. (F) Average LT muscle fiber diameter in 3-wk-old
lambs. (G) H&E stained LT muscle in 12-wk-old lambs. (H) Distribution of fiber diameter of LT muscle in 12-wk-old lambs. (I) Average LT muscle fiber diameter in 12-wk-old lambs.
(J) H&E stained LT muscle at harvest. (K) Distribution of fiber diameter of LT muscle at harvest. (L) Average LT muscle fiber diameter at harvest. (mean ± SEM; n ¼ 8 in each group,
*P < 0.05, **P < 0.01).

Table 4
Effect of vitamin A injection on growth performance of lambs (n ¼ 8).

Items Control Vitamin A SEM P-value

Initial BW, kg 3.76 3.85 0.201 0.67
Final BW, kg 47.56b 56.93a 3.347 0.01
ADG, kg/d 0.18b 0.22a 0.014 0.02
DMI, kg/d 1.75 1.78 0.112 0.76

BW ¼ body weight; ADG ¼ average daily gain; DMI ¼ dry matter intake.
a, bDifferent superscripts in each row for each factor differ significantly (P < 0.05).
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increased the loin eye area of lambs at 8 months of age (Fig. 1B and
C, P < 0.05), with no changes in DMI (Table 4, P ¼ 0.76). No differ-
ence was found in the longissimus thoracis (LT) muscle fiber size at
3 wk of age (Fig. 1DeF, P > 0.05), however, vitamin A increased the
LT muscle fiber size at 12 wk (Fig. 1GeI, P < 0.01) and 8 months of
ages (Fig. 1J-L, P < 0.01).

3.2. The effects of vitamin A injection on Akt/mTOR signaling
activity and myostatin content in LT muscle

We first determined whether vitamin A injection promotes
muscle growth by activating signaling pathways involved inmuscle
protein synthesis. There was no difference in the protein content of
AKT, phosphorylated AKT (Fig. 2A, P > 0.05), mTOR, phosphorylated
mTOR (Fig. 2B, P > 0.05), 4EBP1, phosphorylated 4EBP1 (Fig. 2C,
P > 0.05), p70S6K4, or phosphorylated p70S6K4 (Fig. 2D, P > 0.05)
in LT muscle between the control and vitamin A treated lambs. In
addition to AKT signaling, we further analyzed the content ofMSTN,
amyokine that inhibits muscle growth (Langley et al., 2002), and no
difference was detected between the control and vitamin A-treated
lambs (Fig. 2E, P > 0.05). Consistently, total Smad2/3 and phos-
phorylated Smad3 protein abundance were not altered between
groups (Fig. 2F, P > 0.05). The results suggested that vitamin A in-
jection at the neonatal stage did not change signaling involved in
muscle protein synthesis.

3.3. Vitamin A injection increased the number of satellite cells and
promoted myogenesis

We then explored the effects of vitamin A injection on the
myogenic potential of cells residing in the skeletal muscle of lambs.
Vitamin A treated animals had more PAX7þ satellite cells in the
skeletal muscle but the difference was not statistically significant

(Fig. 3A and B, P > 0.05). In addition, higher expression of PAX7
(Fig. 3C, P < 0.05) was detected in the LT muscle of 3-wk-old lambs.
At 3 wk of age, no difference in the expression of myogenic genes
including MYF5, MYOD, and MYOG was detected (Fig. 3D, P > 0.05).
However, at 12 wk of age, vitamin A-treated lambs had higher
expressions ofMYOD andMYOG in the LT muscle (Fig. 3E, P < 0.01).
There was no difference in protein levels of MYOD (Fig. 3F, P > 0.05)
but MYOG was upregulated by vitamin A (Fig. 3G, P < 0.05). When
compared with the control, mononuclear cells derived from the LT
muscle of vitamin A-treated lambs had higher expression of MYF5,
MYOD, andMYOG and formedmoremyotubes after 6 d of myogenic
differentiation (Fig. 3HeJ, P < 0.05). Consistently, higher MHC
protein content was observed in the cells derived from the LT
muscle of vitamin A-treated lambs (Fig. 3K, P < 0.01). These data
indicated that vitamin A injection at the neonatal stage improved
the myogenic potential of skeletal muscle.

3.4. RA promoted early differentiation of sheep primary myoblasts

We further investigated the effects of RA, the most active
metabolite of vitamin A, on themyogenic differentiation of primary
mononuclear cells at different stages. The cells were treated with
all-trans RA at 0 to 3 d, 4 to 6 d, or 0 to 6 d. Cells treated with RA for
the whole 6 d differentiation period (0 to 6 d) or during 0 to 3 d
formed more myotubes and had higher fusion indices (Fig. 4A and
B, P < 0.05), however, cells treated with RA during the last 3 d of
myogenesis did not affect the formation of myotube or the fusion
index (Fig. 4A and B, P> 0.05). Consistently, cells treatedwith RA for
0 to 6 d (Fig. 4C and F, P < 0.05) and 0 to 3 d (Fig. 4D and G, P < 0.05)
had higher expression of MYOD and MYOG mRNA and higher
expression of MHC protein, but no difference in these genes or
protein was detected when cells were treated with RA for 4 to 6 d
(Fig. 4E and H, P > 0.05). These data proved that retinoic acid played

Fig. 2. Effects of vitamin A injection on Akt/mTOR signaling activity and MSTN content in longissimus thoracis muscle. (A) Total Akt and phosphor-Akt protein abundance in
longissimus thoracis muscle. (B) Total mTOR and phosphor-mTOR protein abundance. (C) Total 4EBP1 and phosphor-4EBP1 protein abundance. (D) Total p70S6K and phosphor-
p70S6K protein abundance. (E) Myostatin (MSTN) protein abundance. (F) Both Smad2/3 and phosphor-Smad3 protein abundance (mean ± SEM; n ¼ 8 in each group).
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a key role in the early stage of muscle differentiation but not in the
late stage.

4. Discussion

It is widely believed that muscle fibers of domestic animals are
formed before birth, and postnatal muscle growth is mainly ach-
ieved through the enlargement of existing muscle fibers (Albrecht
et al., 2006; Du et al., 2010; Wegner et al., 2000). Satellite cells
are precursors of skeletal muscle cells which differentiate and fuse

intomuscle fibers (Kadi et al., 2005), and the number and activity of
satellite cells greatly affect the muscle growth rate of animals (Yin
et al., 2013). The proliferation activity of satellite cells is most active
in neonatal animals than in older animals (Carvajal Monroy et al.,
2017; Velleman et al., 2014), thus nutritional interventions at the
neonatal stage could change the number of satellite cells and affect
later muscle growth to a greater extent.

Retinoic acid is an important regulator of muscle development.
Retinoic acid enhances myogenic differentiation of human em-
bryonic stem cells by increasing the number of myogenic

Fig. 3. Vitamin A injection increased the number of satellite cells and upregulated the expression of myogenic genes. (A) Muscle biopsy stained by PAX7. (B) Quantification of PAX7þ

cells in muscle biopsy. (C) Relative mRNA of PAX7 in lambs at 3 and 12 wk of age. (D) The level of myogenic mRNAs in 3-wk-old lambs. (E) The level of myogenic mRNAs in 12-wk-old
lambs. (F) Protein level of MYOD in 12-wk-old lambs. (G) Protein level of MYOG in 12-wk-old lambs. (H) The level of myogenic mRNAs after 6 d of myoblast differentiation. (I)
Myotubes were visualized by immunostaining using anti-MHC antibody after 6 d of myogenic differentiation. (J) Fusion index. (K) MHC protein abundance (mean ± SEM; n ¼ 8 in
each group, *P < 0.05, **P < 0.01). PAX7 ¼ paired box gene 7; MYOD ¼ myogenic differentiation 1; MHC ¼ myosin heavy chain.
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progenitors (Ryan et al., 2012). In beef cattle, neonatal vitamin A
injection increases the density of satellite cells and promotes
muscle growth (Wang et al., 2018). Although the increase in
immunofluorescence-labeled satellite cells was not statistically
significant, neonatal vitamin A injection increased the mRNA
abundance of the satellite cell marker, PAX7, a key transcription
factor that is essential for regulating the expansion and differenti-
ation of satellite cells (vonMaltzahn et al., 2013), which is likely due
to enhanced satellite cell proliferation and may have contributed to
the improvement of muscle growth.

Retinoic acid also enhanced myogenic differentiation by acti-
vating RARs bound directly to mesoderm and skeletal muscle
progenitor genes, such as Wnt3a, Pax3, and Meox1, activating b-
catenin function and inhibiting bone morphogenetic protein (BMP)
signaling (Halevy and Lerman, 1993; Kennedy et al., 2009). Retinoic
acid upregulates the expression of myogenic regulatory factors
(MRFs) MYOD (Reijntjes et al., 2010; Ryan et al., 2012), MYF5
(Reijntjes et al., 2010), and MYOG (Kennedy et al., 2009) in
myogenic cells of humans and different animal species. Consis-
tently, we observed that neonatal vitamin A injection upregulated
the expression of MYOD and MYOG in biopsied muscle tissue and
increased the myogenic potential of mononuclear cells isolated
from skeletal muscle of vitamin A-treated lambs.

Myogenic differentiation was a highly coordinated sequential
program to generate mature skeletal muscle (Jang and Baik, 2013).
Myoblasts differentiate into mononuclear myocytes at an early
stage of differentiation and fuse into multinucleated myotubes at a
later stage, which expresses many muscle structural proteins such
as MHC, creatine kinase (MCK), and alpha-actin (Lluís et al., 2006).
As a downstream component of IGF1 signaling, AKT and mTOR are
the key regulators that promote skeletal muscle protein synthesis
and prevent muscle protein degradation (Schiaffino and
Mammucari, 2011). However, neonatal vitamin A injection did
not affect Akt/mTOR signaling in lambs. We also observed no
changes in the expression of MSTN and Smad3, proteins involved in
major signaling that inhibits muscle growth (Allen and Unterman,
2007). When analyzed in vitro, RA promoted myogenesis of pri-
mary skeletal muscle-derived mononuclear cells only in the first
3 d of differentiation but not in the later stages. These data indicate
that vitamin A and RA promote muscle growth mainly through
increasing the number of myogenic progenitors and improving
their myogenic potential in the early stage of muscle development
but not by affecting muscle protein synthesis that occurs in the late
stages.

Neonatal vitamin A injection is a promising nutritional strategy
that economically and efficiently promotes muscle growth of

Fig. 4. Retinoic acid promoted the early differentiation of sheep primary myoblasts. (A) Immunofluorescence staining of myotubes using anti-MHC antibody at 3 stages. (B) Fusion
index at 3 stages. (C-E) The level of myogenic mRNAs at 3 stages. (FeH) MHC protein abundance at 3 stages. (mean ± SEM; n ¼ 8 in each group, *P < 0.05, **P < 0.01). RA ¼ retinoic
acid; MYF5 ¼ myogenic factor 5; MYOD ¼ myogenic differentiation 1; MYOG ¼ myogenin; DAPI ¼ 40 ,6-diamidino-2-phenylindole; MHC ¼ myosin heavy chain.
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livestock animals. In beef cattle, 2 shots of 150,000 IU vitamin A at
the neonatal stage increased body weight by 13.1% at weaning and
by 8.8% at 308 d of age (Harris et al., 2018). In the current study, 4
shots of 7,500 IU vitamin A from birth to 3 wk of age caused a 17.5%
increase in slaughter weight and a 16.8% increase in the loin eye
area of lambs at 8 months of age. It is highly effective and easy to
operate for livestock producers.

5. Conclusion

Neonatal intramuscular vitamin A injection upregulates PAX7
expression and promotes the myogenic potential of satellite cells,
which has a long term effective of promoting the muscle growth of
lambs.

Author contributions

Pengkang Song: Conceptualization, Data curation, Formal
analysis, Software, Visualization,Writinge original draft,Writinge
review & editing. Xiaoyou Chen and Jiamin Zhao: Investigation.
Qiang Li, Xinrui Li and Yu Wang: Methodology. Bo Wang:
Conceptualization, Data curation, Project administration, Supervi-
sion, Writinge review& editing. Junxing Zhao: Conceptualization,
Data curation, Formal analysis, Funding acquisition, Project
administration, Resources, Supervision,Writinge review& editing.
All the authors have read the paper and have agreed to be co-
authors data Availability Statement.

Declaration of competing interest

We declare that we have no financial and personal relationships
with other people or organizations that can inappropriately influ-
ence our work, and there is no professional or other personal in-
terest of any nature or kind in any product, service and/or company
that could be construed as influencing the content of this paper.

Acknowledgments

This research was funded by the National Natural Science
Foundation of China (31972559, 31902183) and the Distinguished
and Excellent Young Scholar Cultivation Project of Shanxi Agricul-
tural University (2022JQPYGC01).

References

Albrecht E, Teuscher F, Ender K, Wegner J. Growth-and breed-related changes of
muscle bundle structure in cattle. J Anim Sci 2006;84:2959e64. https://doi.org/
10.2527/jas.2006-345.

Allen DL, Unterman TG. Regulation of myostatin expression and myoblast differ-
entiation by FoxO and SMAD transcription factors. Am J Physiol Cell Physiol
2007;292:C188e99. https://doi.org/10.1152/ajpcell.00542.2005.

Aoac. Official methods of analysis. 17th ed. Gaithersburg: AOAC International; 2000.
Carvajal Monroy P, Grefte S, Kuijpers-Jagtman AM, Von den Hoff JW, Wagener F.

Neonatal satellite cells form small myotubes in vitro. J Dent Res 2017;96:331e8.
https://doi.org/10.1177/0022034516679136.

Chawla A, Repa JJ, Evans RM, Mangelsdorf DJ. Nuclear receptors and lipid physi-
ology: opening the X-files. Science 2001;294:1866e70. https://doi.org/10.1126/
science.294.5548.1866.

Council NR. Nutrient requirements of small ruminants: sheep, goats, cervids, and
new world camelids. The National Academies Press; 2007. https://doi.org/
10.17226/11654.

Du M, Tong J, Zhao J, Underwood K, Zhu M, Ford S, et al. Fetal programming of
skeletal muscle development in ruminant animals. J Anim Sci 2010;88:E51e60.
https://doi.org/10.2527/jas.2009-2311.

Halevy O, Lerman O. Retinoic acid induces adult muscle cell differentiation medi-
ated by the retinoic acid receptor-a. J Cell Physiol 1993;154:566e72. https://
doi.org/10.1002/jcp.1041540315.

Hamade A, Deries M, Begemann G, Bally-Cuif L, Genêt C, Sabatier F, et al. Retinoic
acid activates myogenesis in vivo through Fgf8 signalling. Dev Biol 2006;289:
127e40. https://doi.org/10.1016/j.ydbio.2005.10.019.

Harris CL, Wang B, Deavila JM, Busboom JR, Maquivar M, Parish SM, et al. Vitamin A
administration at birth promotes calf growth and intramuscular fat develop-
ment in Angus beef cattle. J Anim Sci Biotechnol 2018;9:55. https://doi.org/
10.1186/s40104-018-0268-7.

Jang YN, Baik EJ. JAK-STAT pathway and myogenic differentiation. JAK-STAT 2013;2:
e23282. https://doi.org/10.4161/jkst.23282.

Kadi F, Charifi N, Denis C, Lexell J, Andersen JL, Schjerling P, et al. The behaviour of
satellite cells in response to exercise: what have we learned from human
studies? Pflügers Archiv 2005;451:319e27. https://doi.org/10.1007/s00424-
005-1406-6.

Kennedy KA, Porter T, Mehta V, Ryan SD, Price F, Peshdary V, et al. Retinoic acid
enhances skeletal muscle progenitor formation and bypasses inhibition by bone
morphogenetic protein 4 but not dominant negative b-catenin. BMC Biol
2009;7:67. https://doi.org/10.1186/1741-7007-7-67.

Kim J, Wellmann KB, Smith ZK, Johnson BJ. All-trans retinoic acid increases the
expression of oxidative myosin heavy chain through the PPARd pathway in
bovine muscle cells derived from satellite cells. J Anim Sci 2018;96:2763e76.
https://doi.org/10.1093/jas/sky155.

Lamarche E, Lala-Tabbert N, Gunanayagam A, St-Louis C, Wiper-Bergeron N. Reti-
noic acid promotes myogenesis in myoblasts by antagonizing transforming
growth factor-beta signaling via C/EBPbeta. Skeletal Muscle 2015;5:8. https://
doi.org/10.1186/s13395-015-0032-z.

Langley B, Thomas M, Bishop A, Sharma M, Gilmour S, Kambadur R. Myostatin
inhibits myoblast differentiation by down-regulating MyoD expression. J Biol
Chem 2002;277:49831e40. https://doi.org/10.1074/jbc.M204291200.

Li X, Liu X, Song P, Zhao J, Zhang J, Zhao J. Skeletal muscle mass, meat quality and
antioxidant status in growing lambs supplemented with guanidinoacetic acid.
Meat Sci 2022;192:108906. https://doi.org/10.1016/j.meatsci.2022.108906.

Lluís F, Perdiguero E, Nebreda AR, Mu~noz-C�anoves P. Regulation of skeletal muscle
gene expression by p38 MAP kinases. Trends Cell Biol 2006;16:36e44. https://
doi.org/10.1016/j.tcb.2005.11.002.

MacGhee ME, Bradley JS, McCoski SR, Reeg AM, Ealy AD, Johnson SE. Plane of
nutrition affects growth rate, organ size and skeletal muscle satellite cell ac-
tivity in newborn calves. J Anim Physiol Anim Nutr 2017;101:475e83. https://
doi.org/10.1111/jpn.12568.

Ontell M, Feng K, Klueber K, Dunn RF, Taylor F. Myosatellite cells, growth, and
regeneration in murine dystrophic muscle: a quantitative study. Anat Rec
1984;208:159e74. https://doi.org/10.1002/ar.1092080203.

Ponnampalam EN, Holman B, Scollan N. Sheep: meat. In: Encyclopedia of food and
health. Academic Press; 2016. p. 750e7. https://doi.org/10.1016/B978-0-12-
384947-2.00620-6. 4.

Reijntjes S, Francis-West P, Mankoo BS. Retinoic acid is both necessary for and in-
hibits myogenic commitment and differentiation in the chick limb. Int J Dev
Biol 2010;54:125e34. https://doi.org/10.1387/ijdb.082783sr.

Rochette-Egly C, Germain P. Dynamic and combinatorial control of gene expression
by nuclear retinoic acid receptors (RARs). Nucl Recept Signal 2009;7:07005.
https://doi.org/10.1621/nrs.07005.

Ryan T, Liu J, Chu A, Wang L, Blais A, Skerjanc IS. Retinoic acid enhances skeletal
myogenesis in human embryonic stem cells by expanding the premyogenic
progenitor population. Stem Cell Rev Rep 2012;8:482e93. https://doi.org/
10.1007/s12015-011-9284-0.

Schiaffino S, Mammucari C. Regulation of skeletal muscle growth by the IGF1-Akt/
PKB pathway: insights from genetic models. Skeletal Muscle 2011;1:1e14.
https://doi.org/10.1186/2044-5040-1-4.

Schwarz EJ, Reginato MJ, Shao D, Krakow SL, Lazar MA. Retinoic acid blocks adi-
pogenesis by inhibiting C/EBPbeta-mediated transcription. Mol Cell Biol
1997;17:1552e61. https://doi.org/10.1128/MCB.17.3.1552.

Van Soest PV, Robertson JB, Lewis BA. Methods for dietary fiber, neutral detergent
fiber, and nonstarch polysaccharides in relation to animal nutrition. J Dairy Sci
1991;74:3583e97. https://doi.org/10.3168/jds.S0022-0302(91)78551-2.

Velleman SG, Coy CS, Emmerson DA. Effect of the timing of posthatch feed re-
strictions on broiler breast muscle development and muscle transcriptional
regulatory factor gene expression. Poultry Sci 2014;93:1484e94. https://
doi.org/10.3382/ps.2013-03813.

von Maltzahn J, Jones AE, Parks RJ, Rudnicki MA. Pax7 is critical for the normal
function of satellite cells in adult skeletal muscle. Proc Natl Acad Sci USA
2013;110:16474e9. https://doi.org/10.1073/pnas.1307680110.

Wang B, Nie W, Fu X, de Avila JM, Ma Y, Zhu MJ, et al. Neonatal vitamin A injection
promotes cattle muscle growth and increases oxidative muscle fibers. J Anim
Sci Biotechnol 2018;9:82. https://doi.org/10.1186/s40104-018-0296-3.

Wang W, Wang S, Gong Y, Wang J, Tan Z. Effects of vitamin A supplementation on
growth performance, carcass characteristics and meat quality in Limosin� Luxi
crossbreed steers fed a wheat straw-based diet. Meat Sci 2007;77:450e8.
https://doi.org/10.1016/j.meatsci.2007.04.019.

P. Song, X. Chen, J. Zhao et al. Animal Nutrition 14 (2023) 204e212

211



Wegner J, Albrecht E, Fiedler I, Teuscher F, Papstein HJ, Ender K. Growth-and breed-
related changes of muscle fiber characteristics in cattle. J Anim Sci 2000;78:
1485e96. https://doi.org/10.2527/2000.7861485x.

White RB, Bi�erinx AS, Gnocchi VF, Zammit PS. Dynamics of muscle fibre growth
during postnatal mouse development. BMC Dev Biol 2010;10:21. https://
doi.org/10.1186/1471-213X-10-21.

Yan X, Zhu MJ, Dodson MV, Du M. Developmental programming of fetal skeletal
muscle and adipose tissue development. Journal Genom 2013;1:29e38. https://
doi.org/10.7150/jgen.3930.

Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche. Physiol
Rev 2013;93:23e67. https://doi.org/10.1152/physrev.00043.2011.

Yu S, Levi L, Siegel R, Noy N. Retinoic acid induces neurogenesis by activating both
retinoic acid receptors (RARs) and peroxisome proliferator-activated receptor b/
d (PPARb/d). J Biol Chem 2012;287:42195e205. https://doi.org/10.1074/
jbc.M112.410381.

Zhu GH, Huang J, Bi Y, Su Y, Tang Y, He BC, et al. Activation of RXR and RAR signaling
promotes myogenic differentiation of myoblastic C2C12 cells. Differentiation
2009;78:195e204. https://doi.org/10.1016/j.diff.2009.06.001.

Zhu MJ, Ford SP, Nathanielsz PW, Du M. Effect of maternal nutrient restriction in
sheep on the development of fetal skeletal muscle. Biol Reprod 2004;71:
1968e73. https://doi.org/10.1095/biolreprod.104.034561.

P. Song, X. Chen, J. Zhao et al. Animal Nutrition 14 (2023) 204e212

212


	Aquafeed fermentation improves dietary nutritional quality and benefits feeding behavior, meat flavor, and intestinal micro ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Microorganisms and culture conditions
	2.3. Fermentation procedure and feed preparation
	2.4. Feed choice behavior experiment
	2.5. Animal rearing and sample collection
	2.6. Chemical and biochemical analysis
	2.6.1. Molecular weight distribution of proteins
	2.6.2. Proximate composition, ANFs, and lactic acid content
	2.6.3. Hydrolyzed amino acids and free amino acids
	2.6.4. Antioxidant indicators
	2.6.5. Digestive enzyme activities

	2.7. Electronic sensory evaluation
	2.7.1. Electronic nose
	2.7.2. Electronic tongue

	2.8. RNA extraction, cDNA synthesis, and quantitative real-time PCR
	2.9. Intestinal microbiota analysis
	2.10. Statistical analysis

	3. Results
	3.1. Nutritional composition of experimental feeds
	3.2. Choice behavior test of experimental feeds
	3.3. Growth performance of crabs fed with experimental feeds
	3.4. Antioxidant and digestive-related biochemical indicators of crabs fed with experimental feeds
	3.5. Meat flavor analysis of crabs fed with experimental feeds
	3.5.1. Electronic nose analysis
	3.5.2. Electronic tongue analysis
	3.5.3. Analysis of free amino acids

	3.6. mRNA expression levels of appetite and antioxidant-related genes
	3.7. Analysis of intestinal microbiota
	3.7.1. Richness and diversity
	3.7.2. Microbiota composition, relative abundance analysis, and comparison
	3.7.3. Functional prediction


	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References

	Dietary n-3/n-6 polyunsaturated fatty acid ratio modulates growth performance in spotted seabass (Lateolabrax maculatus) th ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental diets
	2.3. Experimental fish and feeding trial
	2.4. Sampling
	2.5. Analytical methods
	2.5.1. Proximate and fatty acid composition analyses
	2.5.2. Liver antioxidant status
	2.5.3. Liver histology
	2.5.4. Gene expression
	2.5.5. Intestinal flora

	2.6. Statistical analysis

	3. Results
	3.1. Growth performance, feed utilization, survival and body composition
	3.2. Liver histology
	3.3. Liver antioxidant status
	3.4. Relative expression of lipid metabolism-related genes
	3.5. Relative expression of inflammation-related genes
	3.6. Intestinal flora analysis

	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References

	The direct and gut microbiota-mediated effects of dietary bile acids on the improvement of gut barriers in largemouth bass  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental diets
	2.3. Experimental fish, feeding, and experimental conditions
	2.4. Growth performance
	2.5. Liver and intestine histology
	2.6. Observation of the intestine by transmission electron microscopy (TEM)
	2.7. Quantitative real-time PCR analysis
	2.8. Gut microbiota analysis
	2.9. Preparation of GF zebraﬁsh and transfer of gut microbiota
	2.10. Statistical analysis

	3. Results
	3.1. Growth performance and hepatic histological observation of largemouth bass
	3.2. Gut chemical barrier of largemouth bass
	3.3. Gut physical barrier of largemouth bass
	3.4. Gut immunological barrier of largemouth bass
	3.5. Gut microbiota (microbiological barrier) of largemouth bass
	3.6. Effects of direct feeding of BAs on the gut chemical, physical, immunological barriers in GF zebrafish model
	3.7. Effects of gut microbiota from largemouth bass on the gut chemical, physical, immunological barriers of GF zebrafish

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References

	Porcine intestinal antimicrobial peptide as an in-feed antibiotic alternative improves intestinal digestion and immunity by ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. Animal and study design
	2.3. Sample collection and preparation
	2.4. Feed chemical analyses
	2.5. Growth performance, diarrhea rate, serum parameters, and relative organ weight
	2.6. Intestinal morphology
	2.7. Intestinal cell proliferation and differentiation analysis
	2.8. Intestinal enzymes and barrier biomarkers
	2.9. Bacteria 16S rDNA sequencing
	2.10. Statistical analysis

	3. Results
	3.1. Growth performance, diarrhea rate, serum parameters, and relative organ weight
	3.2. Intestinal morphology, cell proliferation, and differentiation
	3.3. Jejunal digestive enzymes, SIgA, and biomarkers of intestinal barrier function
	3.4. Alpha- and beta-diversity of colonic microbiota
	3.5. Microbial composition of bacteria in the colon
	3.6. Spearman correlation analysis

	4. Discussion
	4.1. Growth performance, serum parameters, and relative organ weight
	4.2. Intestinal morphology, cell proliferation and differentiation
	4.3. Intestinal digestive enzymes and immunity
	4.4. Serum biomarkers of intestinal permeability
	4.5. Fecal microbiota community and correlation analysis

	5. Conclusion
	Data availability statement
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References

	Uridine alleviates high-carbohydrate diet-induced metabolic syndromes by activating sirt1/AMPK signaling pathway and promot ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement
	2.2. Experimental diets
	2.3. Experiment design and feeding management
	2.4. Sample collection
	2.5. Proximate composition analysis of diets and whole fish
	2.6. Biochemical analysis
	2.7. Histochemical staining
	2.8. Nile tilapia primary hepatocytes culture and pharmacological inhibition
	2.9. RNA isolation and quantitative real-time PCR
	2.10. Western blotting
	2.11. Statistical analysis

	3. Results
	3.1. Effects of uridine on the growth performance and body composition in Nile tilapia
	3.2. Uridine attenuated hepatic lipid accumulation in the HCD diet
	3.3. Uridine improved glucose metabolism and promoted glycogen accumulation
	3.4. Uridine activated AMPK phosphorylation by activating sirt1

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References

	Reply to: “Absorption of methionine sources in animals—is there more to know?” — Yes, there is more to know!
	Author contributions
	Declaration of conflict of interest
	References

	Absorption of methionine sources in animals – is there more to know? – Clarification
	References

	Dietary supplementation with n-3 polyunsaturated fatty acids: Effects on reproductive and productive performance and meat q ...
	1. Introduction
	2. Research methodology
	2.1. Literature inclusion criteria
	2.2. Literature identification

	3. The metabolism of n-3 PUFA in mammals
	4. The effect of n-3 PUFA on reproductive performance
	4.1. N-3 PUFA effect on reproductive performance in rabbit buck
	4.2. N-3 PUFA effect on reproductive performance in rabbit doe

	5. The effect of n-3 PUFA on productive performance
	6. The effect of n-3 PUFA on meat quality
	7. Conclusions and perspectives
	Author contributions
	Declaration of competing interest
	Acknowledgement
	References

	Effects of Transparent Testa8 (TT8) gene and Homeobox12 (HB12) gene silencing in alfalfa (Medicago sativa L.) on molecular  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Gene silencing, alfalfa transformation, and plant harvests
	2.3. Analysis of cell wall residue, lignin and phenolic compounds
	2.4. Prediction of nutrient supply from ruminal degradations of CNCPS fractions
	2.5. Determination of truly digestible nutrients and energetic values
	2.6. In vitro ammonia production
	2.7. Spectra collection and univariate spectral analysis
	2.8. Statistical analyses
	2.8.1. Correlations between nutritional profiles and spectral parameters
	2.8.2. Multilinear regressions of predicting nutritional profiles from spectral parameters
	2.8.3. Statistical analysis with SAS software


	3. Results and discussion
	3.1. Effect of silencing TT8 and HB12 on CWR, lignin and phenolics
	3.2. Effect of silencing TT8 and HB12 on nutrient supply of rumen degradations of CNCPS fractions
	3.3. Effect of silencing TT8 and HB12 on truly digestible nutrients and bioenergetic values
	3.4. Effect of silencing TT8 and HB12 on in vitro ammonia production
	3.5. Correlations between spectral parameters and nutritional profiles of alfalfa
	3.6. Prediction of nutritional profile from spectral parameters

	4. Conclusions
	Data availability
	Author contributions
	Declaration of competing interest
	Acknowledgment
	References

	Sodium butyrate promotes gastrointestinal development of preweaning bull calves via inhibiting inflammation, balancing nutr ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals, treatments and feeding
	2.3. Sample collection
	2.4. Rumen epithelium morphometry and rumen fermentation
	2.5. Epithelium transcriptomic sequencing and analysis
	2.6. Verification of changed mRNA by quantitative PCR (qPCR)
	2.7. Rumen microbial metagenomic sequencing and analysis
	2.8. Statistical analysis

	3. Results
	3.1. Calf growth and gut health
	3.2. Rumen fermentation and epithelium morphology
	3.3. Weight and length of the gastrointestinal tract
	3.4. Transcriptomic analysis of rumen and jejunum epithelium
	3.5. Rumen microbial diversity and function

	4. Discussion
	4.1. Growth and gastrointestinal tract development
	4.2. Gene expression of gastrointestinal tract epithelium
	4.3. Ruminal microbial community structure and function

	5. Conclusion
	Author contributions
	Availability of data and material
	Declaration of competing interest
	Acknowledgements
	Appendix supplementary data
	References

	Dietary supplementation with 2-hydroxy-4-methyl(thio) butanoic acid and DL-methionine improves productive performance, egg  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design and diets
	2.3. Sample collection
	2.4. Productive performance and egg quality
	2.5. Plasma amino acids
	2.6. Antioxidant indices in plasma, liver, and ileum
	2.7. Immune indices in plasma and ileum
	2.8. Gene expression in liver and ileum
	2.9. Intestinal histology
	2.10. Hepatic steatosis
	2.11. Statistical analysis

	3. Results
	3.1. Productive performance
	3.2. Egg quality
	3.3. Plasma amino acids
	3.4. Antioxidant indices in plasma, liver, and ileum
	3.5. Immune indices in plasma and ileum
	3.6. Gene expression in liver and ileum
	3.7. Intestinal morphology and hepatic steatosis

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix Supplementary data
	References

	High amylose to amylopectin ratios in nitrogen-free diets decrease the ileal endogenous amino acid losses of broiler chickens
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design
	2.3. Diet preparation and bird management
	2.4. Sample collection
	2.5. IEAA losses and AID of nutrients
	2.6. Serum metabolites
	2.7. Intestinal morphology and digestive enzymes
	2.8. Microflora analysis of ileal digesta
	2.9. Gene expression
	2.10. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Serum biochemical indices
	3.3. Basal IEAA losses
	3.4. Ileal morphology
	3.5. Disaccharidase activity and the digestibility of starch and dry matter
	3.6. Gene expression
	3.7. Ileal microbial community composition

	4. Discussion
	5. Conclusion
	Author contributions
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	References

	High rumen degradable starch diet induced blood bile acids profile changes and hepatic inflammatory response in dairy goats
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. Experimental design and sample collection
	2.3. Dietary RDS calculation and diet formulation
	2.4. Metabolomic analysis
	2.5. White blood cells count and differential
	2.6. Transcriptomic analysis
	2.7. Construction of the WGCNA co-expression network
	2.8. Real-time quantitative PCR
	2.9. Statistical analysis

	3. Results
	3.1. Metabolomic analysis
	3.2. White blood cells count and differential
	3.3. Transcriptomic analysis of the liver from LRDS and HRDS groups
	3.4. Quantitative analysis of mRNA

	4. Discussion
	4.1. The HRDS diet induced blood bile acids profile changes
	4.2. The HRDS diet induced hepatic inflammatory response may interfere with bile acid metabolism in liver

	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix supplementary data
	References

	Acid tolerance of lactate-utilizing bacteria of the order Bacteroidales contributes to prevention of ruminal acidosis in go ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics approval and consent to participate
	2.2. Animals and diets
	2.3. Sample collection
	2.4. Ruminal ammonia, lactate, and SCFA concentration analysis
	2.5. Metagenome and metatranscriptome sequencing
	2.6. Taxonomy, gene abundance and gene expression profiles analysis
	2.7. Phylogenetic analysis of ruminal LPB and LUB
	2.8. Metabolic pathway and transport system analysis of ruminal LPB and LUB
	2.9. Statistical analysis

	3. Results
	3.1. Feed intake
	3.2. Ruminal pH and concentrations of ruminal lactate, SCFA, and ammonia nitrogen
	3.3. Microbial composition
	3.4. Microbial metabolic pathways
	3.5. Microbial transport systems
	3.6. Abundance and expression of LDH-encoding genes and microbes with LDH-encoding genes
	3.7. Differences in transport systems and sugar catabolic pathways of 14 high-quality MAG with genes encoding LDH

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References

	Effect of restricted feeding on hen performance, egg quality and organ characteristics of individual laying hens
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental animals and treatment groups
	2.3. Experimental diet
	2.4. Hen performance
	2.5. Egg quality analysis
	2.6. Organ characteristics assessments
	2.7. Statistical analysis

	3. Results
	3.1. Hen performance
	3.2. Egg abnormality
	3.3. Egg quality
	3.4. Digestive organ characteristics

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix Supplementary data
	References

	Dietary emodin alleviates lipopolysaccharide-induced intestinal mucosal barrier injury by regulating gut microbiota in piglets
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. Animals, diets and experiments
	2.3. Sample collection
	2.4. Hematoxylin and eosin (H&E) staining for morphological analysis
	2.5. Plasma D-lactate and DAO analysis
	2.6. Analysis of antioxidant parameters
	2.7. Quantitative real-time PCR
	2.8. Western blot analysis
	2.9. DNA extraction and hiseq sequencing
	2.10. Determination of cecal short-chain fatty acids (SCFA)
	2.11. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Small intestine morphology, plasma DAO and D-lactate
	3.3. Antioxidant status in jejunal mucosa
	3.4. Tight junction mRNA and protein expression
	3.5. The mRNA expression of cytokines in the jejunal mucosa of piglets
	3.6. Protein expression of NF-κB pathway-related genes
	3.7. Bacterial composition in cecal digesta
	3.8. Determination of cecal SCFA concentration
	3.9. Correlation analysis

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix. supplementary data
	References

	Host gut-derived Bacillus probiotics supplementation improves growth performance, serum and liver immunity, gut health, and ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Probiotic spore preparation
	2.3. Diet preparation and viability of bacteria in the diet
	2.4. Fish rearing management and experimental process
	2.5. Sample collection and measurements
	2.5.1. Survival, growth performance, and morphometric indices
	2.5.2. Blood and tissue sample collection

	2.6. Sample analysis
	2.6.1. Experimental diet and whole fish body proximate composition analysis
	2.6.2. Histological examination
	2.6.3. Analysis of haematological and biochemical indexes
	2.6.4. RNA extraction, cDNA synthesis, and quantitative real-time PCR analysis
	2.6.5. Library preparation, sequencing, and analysis of the gut microbiota
	2.6.5.1. Intestinal microbiota community discovery and analysis
	2.6.5.2. Nucleotide sequence accession number


	2.7. Challenge test
	2.8. Statistical analysis

	3. Results
	3.1. Growth performance, feed utilization, and survival rate
	3.2. Proximate whole fish body composition
	3.3. Distal intestinal morphological examination based on AB-PAS and SEM
	3.4. Haematological parameters analysis
	3.5. Serum, liver, and intestinal immune, anti-oxidant, and digestive enzyme activities
	3.5.1. Serum immune and anti-oxidant enzyme activities
	3.5.2. Liver immune and anti-oxidant enzyme activities
	3.5.3. Intestinal immune, anti-oxidant, and digestive enzyme activities

	3.6. Gene expression
	3.7. High-throughput sequencing analysis of 16S rRNA gene amplicons
	3.7.1. Obtained sequence information of the distal intestinal microbiota
	3.7.2. Microbiota of the distal intestinal α- and β-diversity analysis
	3.7.3. Microbiota composition, relative abundance analysis, and comparison

	3.8. Challenge test

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgment
	Appendix Supplementary data
	References

	Nutritional regulation of skeletal muscle energy metabolism, lipid accumulation and meat quality in pigs
	1. Introduction
	2. Dietary supply of amino acids influences lipid deposition in skeletal muscle
	2.1. Lysine level and available energy of diets
	2.2. Branched chain amino acids (BCAA)
	2.3. Methionine, glycine and serine

	3. Impact of dietary fatty acids on energy metabolism, lipid accumulation in skeletal muscle
	3.1. Ratios of n-6 to n-3 PUFA
	3.2. Conjugated linoleic acids (CLA)

	4. Gut microbiota and muscle fiber profiles and intramuscular lipid accumulation
	5. Maternal nutrition and regulation of offspring skeletal muscle fiber type profiles, intramuscular fat accumulation
	5.1. Maternal nutrition influences energy metabolism and muscle fiber type of offspring skeletal muscle
	5.2. Effects of maternal nutrition on lipid accumulation and meat quality of the offspring

	6. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References

	Advances in selenium supplementation: From selenium-enriched yeast to potential selenium-enriched insects, and selenium nan ...
	1. Introduction
	2. Selenium in the feed/food chain
	2.1. Selenium in animals: an overview
	2.2. Selenium-containing feed additives: legal framework

	3. Selenium deficiency
	4. Biofortification
	4.1. Selenium fertilizers
	4.2. Organic vs inorganic selenium
	4.2.1. Se-enriched yeast
	4.2.2. Se-enriched insects
	4.2.3. Selenium nanoparticles


	5. Conclusions and perspectives
	Author contributions
	Declaration of competing interest
	Acknowledgement
	References

	Vitamin A injection at birth improves muscle growth in lambs
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animal treatments and diets
	2.3. Collection and analysis of muscle biopsy
	2.4. Hematoxylin-Eosin (H&E) staining and diameter measurement of myofibers
	2.5. Immunohistochemical staining
	2.6. Sheep primary myoblast isolation
	2.7. Culturing, differentiation, and immunocytochemical staining of sheep primary myoblasts
	2.8. Quantitative real-time PCR (qRT-PCR)
	2.9. Western blotting
	2.10. Statistical analysis

	3. Results
	3.1. Effects of vitamin A injection on growth performance in lambs
	3.2. The effects of vitamin A injection on Akt/mTOR signaling activity and myostatin content in LT muscle
	3.3. Vitamin A injection increased the number of satellite cells and promoted myogenesis
	3.4. RA promoted early differentiation of sheep primary myoblasts

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References

	Maternal sodium acetate supplementation promotes lactation performance of sows and their offspring growth performance
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. In vivo animal experiment
	2.2.1. Animals and experimental design
	2.2.2. Diets and management
	2.2.3. Sow and litter performance
	2.2.4. Sow lactation performance
	2.2.5. Milk sampling and analysis
	2.2.6. Plasma sampling and analysis
	2.2.7. Tissue sample and intestinal morphology
	2.2.8. Sows milk-derived cells isolation

	2.3. In vitro cell culture experiment
	2.4. RNA isolation and real-time PCR
	2.5. Western-blotting
	2.6. Oil red O staining of lipid droplets and triglyceride content
	2.7. 16S rDNA sequencing
	2.8. Statistical analysis

	3. Results
	3.1. Sow reproductive performance
	3.2. Sodium acetate supplementation regulated yield and composition of colostrum and milk
	3.3. Sodium acetate supplementation regulated Ig composition of plasma, colostrum and milk
	3.4. Sodium acetate regulated milk fat synthesis and activated mTORC1 pathway in milk-derived cells isolated from sow milk
	3.5. Maternal sodium acetate supplementation modulates offspring growth performance, gut health and intestinal microbiota
	3.6. Sodium acetate regulated milk fat synthesis and activated mTORC1 signaling pathway in PMEC in vitro

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgment
	Appendix. supplementary data
	References

	Effects of L-arginine, guanidinoacetic acid and L-citrulline supplementation in reduced-protein diets on bone morphology an ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design, diets, and data collection
	2.3. Analysis of serum mineral composition
	2.4. Analysis of bone morphology and mineral composition in bone, feed, and excreta
	2.5. Calculations and statistical analysis

	3. Results
	3.1. Dietary mineral composition
	3.2. Bone morphology and strength
	3.3. Serum and bone mineral composition
	3.4. Fat and fiber intake and apparent mineral digestibility
	3.5. Correlations between the variables

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References

	Efficacy of soy protein concentrate replacing animal protein supplements in mucosa-associated microbiota, intestinal health ...
	1. Introduction
	2. Materials and methods
	2.1. Experimental design, animals, and diets
	2.2. Growth performance and fecal score
	2.3. Samples collection
	2.4. Relative abundance and diversity of jejunal mucosa-associated microbiota
	2.5. Immune and oxidative stress status
	2.6. Intestinal morphology and crypt cell proliferation
	2.7. Apparent ileal digestibility
	2.8. Statistical analysis

	3. Results
	3.1. Growth performance and fecal score
	3.2. Relative abundance and diversity of jejunal mucosa-associated microbiota
	3.3. Immune and oxidative stress status
	3.4. Intestinal morphology and crypt cell proliferation
	3.5. Apparent ileal digestibility

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References

	Dietary lysozyme improves growth performance and intestinal barrier function of weaned piglets
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental materials
	2.3. Experimental design and treatments
	2.4. Sample collection
	2.5. Measurements in serum samples
	2.6. Intestinal morphology
	2.7. Quantitative real-time polymerase chain reaction
	2.8. DNA extraction and 16S rRNA sequencing
	2.9. Short-chain fatty acid (SCFA) composition of colonic contents
	2.10. Data analysis

	3. Results
	3.1. Growth performance
	3.2. Serum biochemistry parameters
	3.3. Intestinal morphology
	3.4. Gene expression of intestinal inflammation and tight junction proteins
	3.5. Colonic microbiota diversity and composition
	3.6. Concentration of SCFA in the colonic contents
	3.7. Correlation between SCFA and intestinal flora

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References

	The influence of dietary crude protein concentrations, grain types and arginine:lysine ratios on the performance of broiler ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Diet preparation
	2.3. Bird management
	2.4. Data and sample collection, chemical analyses, calculations
	2.5. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References

	Evaluation of dynamic effects of dietary medium-chain monoglycerides on performance, intestinal development and gut microbi ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design, animals and management
	2.3. Growth performance measurement and sample collection
	2.4. Serum biochemical analysis
	2.5. Cecal short-chain fatty acids measurement
	2.6. Histomorphology analysis
	2.7. 16S rRNA sequencing and analysis
	2.7.1. DNA extraction, PCR amplification and 16S rRNA gene sequencing
	2.7.2. Processing of sequencing data

	2.8. Statistical analysis

	3. Results
	3.1. Effect of dietary MG on productive performance of broilers
	3.2. Effect of dietary MG on biochemical parameters of broilers
	3.3. Effect of dietary MG on lipid metabolism and fat deposition of broilers
	3.4. Effect of dietary MG on intestinal morphology of broilers
	3.5. Effect of dietary MG on cecal short-chain fatty acid content of broilers
	3.6. Effect of dietary MG on diversity and composition of gut microbiota
	3.7. Differential chicken gut microbiota between the CON and MG groups

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix. Supplementary data
	References

	Multi-omics reveals the mechanisms underlying Lactiplantibacillus plantarum P8-mediated attenuation of oxidative stress in  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Chemicals and reagents
	2.3. Experimental design and sample collection
	2.4. Growth performance
	2.5. Sample collection
	2.6. Intestinal morphology
	2.7. Analysis of biochemical indices
	2.8. Reactive oxygen species (ROS) detection
	2.9. Determination of protein expression levels by western blotting
	2.10. DNA extraction and microbiomic analysis
	2.11. Metabolomic analysis
	2.12. miRNA sequencing
	2.13. Statistics

	3. Results
	3.1. P8 improved the growth performance of broilers
	3.2. P8 improved the jejunal morphology and attenuated the oxidative stress of broilers
	3.3. P8 regulated the gut microbiota of broilers
	3.4. P8 regulated the metabolites of the gut microbiota of broilers
	3.5. P8 regulated the intestinal miRNA profiles of broilers
	3.6. Correlation analysis between biochemical indices, growth parameters and microbiota
	3.7. Correlation analysis between biochemical indices, growth parameters and metabolites
	3.8. Correlation analysis between biochemical indices, growth parameters and miRNAs

	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References

	Double-edged effect of sodium citrate in Nile tilapia (Oreochromis niloticus): Promoting lipid and protein deposition vs. c ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. Fish, diets, and sampling
	2.3. Glucose tolerance test
	2.4. Biochemical parameters analyses
	2.5. Hepatic AcCoA concentration measurements
	2.6. Total RNA extraction, cDNA synthesis, and quantitative real-time PCR (qRT-PCR) analysis
	2.7. Western blotting
	2.8. Calculations and statistical analysis

	3. Results
	3.1. Dietary sodium citrate had no effects on growth performance, but induced crude protein and hepatic glycogen deposition
	3.2. Dietary sodium citrate activated glycolysis and gluconeogenesis while caused insulin resistance
	3.3. Dietary sodium citrate triggered lipid accumulation through inhibition of lipid catabolism
	3.4. Dietary sodium citrate improved protein deposition in muscle
	3.5. Dietary sodium citrate changed liver inflammatory status

	4. Discussion
	4.1. Sodium citrate enhanced liver fat and muscle protein deposition by inhibiting catabolism
	4.2. Citrate induced hepatic gluconeogenesis and insulin resistance but enhanced pyruvate oxidation for energy supply
	4.3. Citrate treatment caused inflammation in the liver

	5. Conclusion
	Author contributions
	Availability of data and material
	Declaration of competing interest
	Acknowledgements
	References

	Carotenoid enrichment in eggs: From biochemistry perspective
	1. Introduction
	2. Overview of the chemistry of carotenoids
	3. Regulations and sources of carotenoids used for egg enrichment
	4. Absorption, transport, metabolism, and depletion
	4.1. Absorption and transport of carotenoids to egg yolks
	4.2. Metabolic transformations and existential form of carotenoids in eggs
	4.2.1. Enzymatic cleavage and apocarotenoids in eggs
	4.2.2. Isomerization and carotenoid isomers in eggs
	4.2.3. Other metabolic reactions
	4.2.4. Metabolism sites of carotenoids

	4.3. Depletion of carotenoids in eggs

	5. Enrichment efficiency of carotenoids
	5.1. Amount of carotenoids
	5.2. Matrix and sources of carotenoids
	5.3. Genetics and host-related factors
	5.4. Species and molecular linkage of carotenoids
	5.5. Absorption effectors
	5.6. External conditions

	6. Functions of carotenoids in eggs
	6.1. Influence of carotenoids on the quality of eggs
	6.2. Influence of carotenoids on the nutritional value of eggs
	6.3. Influence of carotenoids on the storage capacity of eggs

	7. Conclusions and perspectives
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References

	N-acyl homoserine lactonase attenuates the virulence of Salmonella typhimurium and its induction of intestinal damages in b ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. In vitro experiments
	2.2.1. Determination of biofilm biomass and the inhibition ratio of biofilm formation of S. typhimurium
	2.2.2. Quantification of extracellular DNA (eDNA) of S. typhimurium
	2.2.3. Quantification of biofilm-related gene expression of S. typhimurium
	2.2.4. Measurement of the motility of S. typhimurium
	2.2.5. Assay of adhesive capacity of S. typhimurium

	2.3. In vivo experiments
	2.3.1. Animals and experimental design
	2.3.2. Oral challenge and sample collection
	2.3.3. Measurements of growth performance, organ indexes and serum indicator
	2.3.4. Intestinal morphology examination
	2.3.5. RNA extraction and real-time quantitative PCR

	2.4. Statistical analysis

	3. Results
	3.1. In vitro experiments
	3.1.1. Effect of AHLase on biofilm formation of S. typhimurium
	3.1.2. Effects of AHLase on motility and adhesion of S. typhimurium

	3.2. In vivo experiments
	3.2.1. Effects of AHLase on growth performance of broilers challenged with S. typhimurium
	3.2.2. Effects of AHLase on organ indexes of broilers challenged by S. typhimurium
	3.2.3. Effects of AHLase on intestinal morphology of broilers challenged by S. typhimurium
	3.2.4. Effects of AHLase on intestinal barrier of broilers challenged by S. typhimurium
	3.2.5. Effects of AHLase on intestinal inflammation of broilers challenged by S. typhimurium


	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References

	Potential use of garlic products in ruminant feeding: A review
	1. Introduction
	2. Chemical composition and bioactive compounds of garlic products
	3. Effects of garlic products on the growth performance of ruminants
	4. Effects of garlic products on the antioxidant activities and immune responses of ruminants
	5. Effects of garlic products on parasitic infections in ruminants
	6. Effects of garlic products on ruminal microbial ecosystems
	6.1. Rumen microbiota
	6.2. Rumen fermentation
	6.3. Methane emissions

	7. Effects of garlic products on product quality of ruminants
	7.1. Meat quality of ruminants
	7.2. Milk quality of ruminants

	8. Areas of future research
	9. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References

	Regulation of dietary fiber on intestinal microorganisms and its effects on animal health
	1. Introduction
	2. Dietary fiber
	2.1. Definition and classification of dietary fiber
	2.2. Physicochemical properties of dietary fiber

	3. Interaction between dietary fiber and microorganisms
	4. Regulation of dietary fiber on intestinal health
	5. SCFA are the main fermentation products of dietary fiber
	5.1. SCFA can act as an HDAC inhibitor
	5.2. SCFA are important ligands for GPCR

	6. The role of dietary fiber in the health and development of pigs
	6.1. The microecology and health of the pig intestine
	6.2. Reproductive performance of sows
	6.3. Lactation performance of sows
	6.4. Growth performance and meat quality

	7. Conclusion and prospect
	Author contributions
	Declaration of competing interest
	Acknowledgment
	References

	Lactiplantibacillus plantarum L47 and inulin alleviate enterotoxigenic Escherichia coli induced ileal inflammation in pigle ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Culture of L. plantarum L47 and preparation of mixture of L. plantarum L47 and inulin
	2.3. Experimental design
	2.4. Sample collection
	2.5. Determination of ileal mucosal antioxidant property
	2.6. Ileal morphology
	2.7. Ileal microbial metabolites
	2.8. 16S rRNA sequencing
	2.9. Ileal mucosal transcriptome analysis
	2.10. Quantitative real-time PCR (qRT-PCR)
	2.11. Enzyme linked immunosorbent assay (ELISA)
	2.12. Western blot
	2.13. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Ileal morphology
	3.3. Ileal tight junction proteins
	3.4. Ileal antioxidant properties
	3.5. Ileal mucosal immunity
	3.6. Analysis of ileal microbiota and microbial metabolites
	3.7. Ileal transcriptome
	3.8. Ileal gene expressions and PUFA levels
	3.9. Microorganism-associated molecular patterns and toll-like receptors

	4. Discussion
	4.1. Growth performance and diarrhea
	4.2. Intestinal integrity and immunity
	4.3. Ileal microbiota and microbial metabolites
	4.4. PUFA metabolism
	4.5. Activation of PLA2G2A

	5. Conclusion
	Author contributions
	Data availability statement
	Declaration of competing interest
	Acknowledgements
	References

	Integrated multi-omics reveals the beneficial role of chlorogenic acid in improving the growth performance and immune funct ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Chemicals and reagents
	2.3. Experimental design and sample collection
	2.4. Growth performance measurement
	2.5. Intestinal morphology
	2.6. Analysis of biochemical indices
	2.7. Determination of mRNA expression levels by RT-qPCR
	2.8. Determination of protein expression levels by Western blotting
	2.9. Immunohistochemistry analysis
	2.10. DNA extraction and microbiome analysis
	2.11. SCFA analysis
	2.12. Proteomic analysis
	2.13. MRM analysis
	2.14. Metabolomic analysis
	2.15. Statistics

	3. Results
	3.1. CGA improves the growth performance in DEX-induced broilers
	3.2. Immunoregulation effects of CGA in DEX-induced broilers
	3.3. CGA improves the jejunal morphology and barrier function of DEX-treated broilers
	3.4. The gut microbiota and SCFA were altered by CGA
	3.5. CGA altered the jejunal protein profiles
	3.6. CGA altered the serum metabolic profiles of the broilers
	3.7. Effects of CGA on the PPAR and MAPK signalling pathways
	3.8. Crosstalk between gut microbiota, SCFA, and biochemical parameters
	3.9. Crosstalk between proteomic and biochemical parameters
	3.10. Crosstalk between metabolomic and biochemical parameters

	4. Discussion
	5. Conclusions
	Author contributions
	Availability of data and materials
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References

	Endogenous mucin conveyed to the mucosa with microbes can assure lumen fermentation and large intestinal security–swine ver ...
	1. Introduction
	2. Small intestinal mucosa
	3. Large intestinal mucosa
	4. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgement
	References

	Endogenous chitinase might lead to differences in growth performance and intestinal health of piglets fed different levels  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design and diets
	2.3. Sample collection
	2.4. Growth performance, diarrhea rate and nutrient digestibility
	2.5. Digestive enzyme and acidic mammalian chitinase (AMCase) activities
	2.6. Intestinal morphology
	2.7. Serum parameters and immune immunoglobulin
	2.8. Quantitative real-time PCR analysis
	2.9. 16S RNA sequencing
	2.10. SCFA concentrations
	2.11. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Nutrient digestibility
	3.3. Relative organ weight
	3.4. Digestive enzyme activities
	3.5. Intestinal morphology
	3.6. Ileum immunoglobulin
	3.7. Serum parameters
	3.8. AMCase activity and AMCase mRNA expression
	3.9. Tight junction proteins mRNA expression
	3.10. Intestinal microbiota
	3.11. SCFA concentrations

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References

	Assessment of black soldier fly (Hermetia illucens) larvae meal as a potential substitute for soybean meal on growth perfor ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental diets
	2.3. Feeding and management
	2.4. Sampling
	2.5. The calculations of growth, feed utilization and biological indices
	2.6. Muscle antioxidant indices
	2.7. Histological observations and ultrastructure analyses
	2.8. Proximate composition, fatty acid composition and amino acid composition analysis
	2.9. Muscle texture analysis and shear force determination
	2.10. Body and muscle color
	2.11. WHC and pH of muscle
	2.12. Water- and salt-soluble protein in muscle
	2.13. Trimethylamine oxide and trimethylamine content in muscle
	2.14. Content of muscle nucleotides
	2.15. Gene expression analysis in muscle
	2.16. Statistical analysis

	3. Results
	3.1. Growth, feed utilization and biological indices
	3.2. Antioxidant indexes of muscle
	3.3. Histomorphology of liver and mid-gut
	3.4. Proximate compositions of whole body and muscle
	3.5. Amino acid and fatty acid composition of muscle
	3.6. Texture properties, pH, drip loss, and water- and salt-soluble protein of muscle
	3.7. Body and muscle color
	3.8. TMAO, TMA and nucleotide contents of muscle
	3.9. Histomorphology and ultrastructure of muscle fiber
	3.10. Gene expression of development and protein synthesis in muscle

	4. Discussion
	4.1. Effects of dietary BSFLM levels on the growth performance and biological indices of grass carp
	4.2. Effects of dietary BSFLM levels on the antioxidant status and tissue structure of grass carp
	4.2.1. Effect of dietary BSFLM levels on the antioxidant capacity of grass carp muscle
	4.2.2. Effects of dietary BSFLM levels on the liver and intestine structure of grass carp

	4.3. Effect of dietary BSFLM levels on the flesh quality of grass carp
	4.3.1. Effects of dietary BSFLM levels on the proximate composition, amino acid composition and fatty acid composition of grass ca ...
	4.3.2. Effects of dietary BSFLM levels on the muscle texture properties, muscle fiber and the gene expression of muscle developmen ...
	4.3.3. Effects of dietary BSFLM levels on the WHC, pH, and water- and salt-soluble protein contents of grass carp muscle
	4.3.4. Effects of dietary BSFLM levels on the body and muscle color of grass carp
	4.3.5. Effects of dietary BSFLM levels on TMAO, TMA and nucleotide content in grass carp muscle


	5. Conclusion
	Declaration of competing interest
	Author contributions
	Acknowledgments
	Appendix. Supplementary data
	References

	Probiotic Escherichia coli Nissle 1917 protect chicks from damage caused by Salmonella enterica serovar Enteritidis coloniz ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and management
	2.3. Culture of E. coli Nissle 1917 and S. Enteritidis
	2.4. Gavage of Nissle 1917 for S. Enteritidis infected or uninfected chicks
	2.5. Sample collection
	2.6. Bacteria load measurements
	2.7. Liver histopathology and intestinal morphology determination
	2.8. RNA isolation and quantitative real-time PCR
	2.9. DNA extraction and sequencing library construction
	2.10. Quality filtering and sequence analysis
	2.11. Serum neutral amino acid analyses
	2.12. Co-culture assay of S. Enteritidis and Nissle 1917
	2.13. Statistical analysis

	3. Results
	3.1. E. coli Nissle 1917 protected the host against S. Enteritidis infection
	3.2. E. coli Nissle 1917 alleviated inflammation
	3.3. E. coli Nissle 1917 improved intestinal morphology and intestinal barrier function
	3.4. E. coli Nissle 1917 improved gene expression in cecal tissue of ACE2 and SLC6A19 as well as the content of neutral amino ac ...
	3.5. E. coli Nissle 1917 altered cecum microbiota composition and enriches the abundance of E. coli

	4. Discussion
	5. Conclusion
	Author Contributions
	Data availability
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References


